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Facile access to template-shape-replicated
nitrogen-rich mesoporous carbon nanospheres
for highly efficient CO, capture and contaminant
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Rising atmospheric CO, levels and water pollution have necessitated new research towards the development

of novel CO, capture materials and innovative methods for wastewater treatment. Herein, we demonstrate a
facile fabrication strategy to prepare novel template-shape-replicated nitrogen-rich mesoporous carbon
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nanospheres (NMCN) with high surface area, pore volume and ordered pore geometry via a combination of
in situ co-condensation, surface-confined atom transfer radical polymerization (SC-ATRP) and post-
polymerization modification. NMCN exhibited efficient CO, capture performance and contaminant removal

capability from wastewater. This work may open a new direction for the design of novel porous nanomaterials
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Introduction

The extensive combustion of fossil fuels in the post-industrial
era to meet energy demands has resulted in a dramatic increase
of the atmospheric concentration of CO,. Atmospheric CO,
concentration at present is ~400 ppm, which is expected to rise
to 570 ppm by the year 2100. Due to this high level of atmo-
spheric CO,, various environmental issues have arisen, includ-
ing global warming, imbalance in ocean acidification,
unpredictable weather pattern and a slew of medical problems,
including respiratory diseases."” The use of various renewable
energy technologies on a large scale, such as solar, nuclear, and
wind, has the potential to cut CO, emissions.® However, the
replacement of fossil fuel sources with renewable energy in all
applications is insufficient to mitigate CO,’s impact on climate
change. As a result, there is an unmet demand to cut carbon
emissions.* Post-combustion CO, capture from the source of
the emission, such as power plants,” and geologic CO, storage,®
which were once considered viable strategies, have gradually
lost favor due to the high costs involved. To address this
drawback, alternative CO, capture methods are urgently
needed to combat climate change.”” Various porous materials
have been investigated to develop new CO, capture materials,
such as zeolites,'®*® carbon-based materials,'*' covalent
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for CO, capture and other emerging applications.

organic frameworks,” metal organic frameworks,”** polymers™

and silica/polymer hybrids.”*° Porous carbon nanomaterials pos-
sessing controlled pore geometry and morphology are used in
applications such as energy storage, catalysis, and air purification.
Porous carbon is also employed as a CO, capture material."”’
However, the absence of ordered pore geometry in these materials
has led to their poor CO, adsorption performance. Furthermore,
the synthesis protocols of such materials involve stringent reaction
conditions and multistep purification processes.

Mesoporous materials, with pore diameter between 2-50 nm
and high surface area, organized pore geometry, and high pore
volume, have received some interest due to their widespread use
in adsorption, separation, catalysis, and sensing applications.**
We hypothesized that nitrogen-rich functional mesoporous car-
bon nanospheres (NMCN) with high surface area and ordered
pore geometry may be exploited to make efficient CO, capture
materials. NMCN is synthesized via the surface-confined atom
transfer radical polymerization (SC-ATRP)** of acrylonitrile (AN)
and 4-vinylbenzyl chloride (VBC) from a bromo-functionalized
mesoporous silica nanomaterial (MSN-Br), followed by carboniza-
tion and etching of the silica template.

Experimental section

Materials

Cetyltrimethylammonium bromide (CTAB, >96%, Aldrich), (3-
aminopropyl)trimethoxysilane (APTMS, 97%, Aldrich), tetraethyl
orthosilicate (TEOS, 98%, Aldrich), 2-bromo-2-methylpropionyl
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bromide (BIBB, 98%, Aldrich), N,N,N’,N”,N"-pentamethyl-
diethylenetriamine (PMDETA, 99%, Aldrich), copper(i) chloride
(CuCl, 97%, Aldrich), copper(u) chloride (CuCl,, 97%, Aldrich),
triethylamine (Et;N, >99%, Aldrich), N-methyl-2-pyrrolidone
(NMP, >99%, Aldrich), hydrogen fluoride (HF, 40%, Aldrich)
and potassium hydroxide (KOH, Aldrich) were used as received.
Acrylonitrile (AN, >99%, Aldrich) and 4-vinylbenzyl chloride
(VBC, 90%, Aldrich) were purified by passing through a basic
aluminium oxide (Aldrich) column to remove the inhibitor before
use in polymerization. Xylene (Merck, India) was dried by reflux-
ing over sodium/benzophenone just before use.

Preparation of amine-functionalized mesoporous silica
nanoparticles

MSN-NH, was synthesized following an earlier reported
procedure.*® Typically, in a round-bottom flask, CTAB (1.0 g,
2.745 mmol), 2.0 M of aqueous NaOH (3.5 mL of 2.0 M,
7.0 mmol) and water (240 g, 13.335 mol) were mixed and
heated for 30 min at 80 °C under stirring to obtain a clear
solution. The pH of this solution was measured to be 12. Then,
TEOS (4.67 g, 22.4 mmol) and APTMS (0.515 g, 2.875 mmol)
were introduced rapidly to the solution under continuous
magnetic stirring. A white precipitate appeared 5 min after
the addition of TEOS and APTMS. The mixture was heated at
80 °C for another 2 h, then the product was isolated by hot
filtration, washed with water/methanol, and dried under
vacuum at 80 °C. CTAB template was eliminated by refluxing
the crude product with a solution of 100 mL methanol and
1.0 mL of conc. HCI at 60 °C for 6 h. Then, the product was
collected by filtration, washed with water/methanol, and dried
under vacuum to obtain pure MSN-NH,.

Preparation of bromo-initiator-functionalized mesoporous
silica nanoparticles

MSN-Br was synthesized by the coupling reaction of MSN-NH,
with 2-bromo-2-methylpropionyl bromide (BIBB). For a typical
reaction, MSN-NH, was added to a flask, and TEA and dry
CH,CI, were added to the flask under N, atmosphere. The flask
was cooled to 0 °C, and BIBB was added to it dropwise at 0 °C
under continuous magnetic stirring. After the addition, the
temperature was raised to room temperature, and the reaction
was allowed to continue at ambient temperature for another
12 h. After the reaction, the product was collected by filtration,
washed successively with CH,Cl, and acetone, and dried to
obtain pure MSN-Br.

Calculation of initiator grafting density

Initiator grafting density (G;) was calculated using TGA and
eqn (1):
W%initiutor+silica _ W%silica
_ 100 — W%iniliator+silicu 100 — W%silica
Minitiator X Ssp
x Na (molecule nm_z) (1)

Gi

where Waopinitiator+silicas Wossilicay Nas Minitiator and Ssp stand for Weight
loss (between 120 °C to 800 °C) of the bromo-initiator-functionalized
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MSN-Br (= 16.4%), neat MSN (= 8.4%), Avogadro’s number, molar
mass of the initiator fragment after subtracting the molar mass of
one Br atom (= 150 g mol ') and specific surface area of MSN-Br
(1210 m*> g "),

Preparation of -CH,Cl functionalized mesoporous silica/
polymer hybrid nanoparticles (MSPN)

MSPN was synthesized via SC-ATRP of AN/VBC from bromo-
initiator-functionalized MSN-Br using the following molar
ratio: [AN + VBC]y/[MSN-Br]o/[CuCl]y/[CuCl,]o/[PMDETA], =
200:1:1:0.1:1.1 at 70 °C for 24 h. In a typical polymerization,
MSN-Br was added to a flask, which was evacuated at 60 °C for
2 h to eliminate any trapped gaseous entity or moisture. Then, a
magnetic stir bar, degassed xylene, CuCl, CuCl, and PMDETA
were introduced to the flask under N, atmosphere. Finally,
degassed AN and VBC were added under N, flow, and the flask
was heated at 790 °C. After polymerization, the crude product
was isolated by centrifugation and washed successively with
THF/methanol and finally dried to obtain the MSPN hybrid. For
kinetics investigation of the polymerization, a series of poly-
merization reactions were performed, and these reactions were
quenched at different polymerization times to monitor (i)
%polymer grafting by TGA and (ii) the evolution of molecular
weights and dispersities (by SEC) with time.

Preparation of nitrogen-rich mesoporous carbon nanospheres

Nitrogen-rich mesoporous carbon nanospheres (NMCN) were
obtained via pyrolysis of the nitrogen-rich polymer (MSPN).
Typically, the purified MSPN silica/polymer hybrid was first
stabilized at 280 °C for 2 h under air flow at a heating rate of
1 °C min~", then purged with N, gas for 1 h and heated to reach
800 °C with a heating rate of 10 °C min™", then pyrolyzed at
800 °C for 6 h and finally cooled to ambient temperature. After
carbonization, the silica template was selectively removed by
HF, and the product was isolated by centrifugation and subse-
quently washed with water/ethanol, respectively, and then dried
to obtain NMCN.

Characterization studies

X-Ray diffraction (XRD). XRD analysis of the prepared por-
ous samples were carried out on a Bruker D8 Advance X-ray
diffractometer equipped with a Cu X-ray tube (40 kV & 40 mA).

Attenuated total reflection infrared (ATR-IR) spectroscopy.
IR spectra of the prepared porous samples were recorded
using an IR spectrophotometer (PerkinElmer, Model: Spectrum
100) in the attenuated total reflectance (ATR) mode with a
diamond crystal, using the spectral range of 4000-400 cm "
and a resolution of 4 cm ™.

Size exclusion chromatography (SEC). The silica-free cleaved
polymer samples were analysed with an Agilent triple detection
size exclusion chromatography (SEC) system equipped with two
PL1113-6300 ResiPore 300 x 7.5 mm columns and using DMF
as the eluent (at 35 °C, flow rate of 1 mL min~'). The SEC
instrument was calibrated using narrow linear poly(methyl
methacrylate) standard samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thermogravimetric analysis (TGA). TGA of the synthesized
materials were performed using a Netzsch TG 209 F3 instru-
ment (under air) from room temperature to 800 °C at a heating
rate of 10 °C min .

N, physisorption measurement. N, adsorption/desorption
experiments of the porous materials were carried out using an Anton
Paar (Model: Autosorb iQ-XR-XR-AG) gas sorption system at 77 K.

CO, capture characterization. CO, capture experiments of
the synthesized porous carbon nanomaterials were carried out
using an Anton Paar (Model: Autosorb iQ-C-AG) gas sorption
analyzer system at 25 °C.

Field emission scanning electron microscopy (FESEM). The
morphologies of the porous samples were analysed using a
Zeiss Gemini SEM500 electron microscope at an accelerating
voltage of 5 kV.

Dynamic light scattering (DLS). Hydrodynamic diameters
(Dp) of the ethanol dispersions of porous samples were analysed
using a Malvern particle size analyzer (Zetasizer NANO ZS90).

UV-vis absorption spectra. UV-vis absorption spectra of the
solution of Coumarin 102 (C102) and suspension of C102-
encapsulated NMCN were acquired in a Shimadzu UV-2600
spectrophotometer. %Encapsulation was calculated using the
following eqn (2):

Absorbance,—, — Absorbance,—,

%Encapsulation =
¢ psuiati Absorbance,—

x 100 (2)

Photoluminescence spectra. Photoluminescence (PL) spec-
tra of the samples were recorded in a Fluorolog FL3-211
(HORIBA Scientific) with a 450 Watt Xenon arc lamp.
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Fluorescence microscopy. A drop of the dye-encapsulated
nanomaterial sample suspension was placed on a glass slide,
and images were recorded using a light microscope (DM2700M,
Leica).

Results and discussion

Synthesis and structural characterization of the nitrogen-rich
mesoporous carbon nanoparticles (NMCN)

Tertiary alkyl bromide-functionalized MSN-Br, suitable for use
as ATRP initiator,>**® was synthesized via the process described
in Scheme 1. First, -NH,-functionalized MSN (MSN-NH,) was
synthesized via in situ co-condensation of TEOS and APTMS
using CTAB as the template and with subsequent elimination
of the CTAB template.**?® MSN-NH, was then coupled with
2-bromoisobutyryl bromide (BIBB) to introduce tertiary alkyl
bromide-containing ATRP initiation sites (MSN-Br).?” The ATR-
IR spectrum of MSN-Br (Fig. 1a and Fig. S1, ESIt) exhibited
characteristic bands at 2927 ecm™' (C-H asymm stretch.),
1060 cm ™' (Si-O-Si linkage)** and 614 cm ™" (C-Br stretch.).*®
This indicates that integration of the bromo-initiator function-
ality into the pore walls of the silica framework was successful.
The significant weight loss (16.4%) of MSN-Br between 120
and 800 °C was attributed to the organic (aminopropyl + 2-
bromoisobutyryl) functionalities, while the modest weight loss
(8.4%) of neat MSN (Fig. 1b) is due to removal of water or other
adsorbed gases. The initiator grafting density (G;) of MSN-Br,
estimated using eqn (1), was found to be 0.33 molecule nm 2.
A high-intensity (100) reflection peak at 20 = 2.55° was observed

Br

bromide 0,

Et,N, DCM >

-Br functionalized

-NH, functionalized
Mesoporous Silica
(MSN-NH,)

Mesoporous Silica
(MSN-Br)

AN/VBC
CucCl, CuCl,/PMDETA
Xylene, 70°C

Nitrogen-rich MCN o—s’i\
-High Surface Area g |2
1. Carbonization at 800°C, N B Br
-Ordered Pore Geometry | é 2 .):é *; 0—si NH i
Wi o
-Template Shape Replication 2. Etching of Silica Template G—&4
-Efficient CO, Capture * * %{- | \/\ 2

-Contaminant Removal Capability

Nitrogen-rich Mesoporous
Carbon Nanosphere
(NMCN)

Scheme 1 Synthesis of nitrogen-rich mesoporous carbon nanoparticles.
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Fig. 1 Characterization of the obtained porous MSN-Br, MSPN and
NMCN nanomaterials: (@) ATR-IR spectra, (b) TGA thermograms and (c
and d) powder XRD patterns.

in the XRD pattern of MSN-Br (Fig. 1c), suggesting the presence
of cylindrical mesopores.**

N, sorption analyses of MSN-Br (Fig. 2a) revealed a high
specific surface area (Sggr) of 1210 m?> g’1 and narrow pore size
distribution (PSD) with an average diameter of around 1.98 nm
and pore volume of 0.728 cc g ', suggesting a cylindrical
mesoporous structure.>> MSN-Br exhibited spherical morphol-
ogy diameters ranging from 200-280 nm, as revealed by the
FESEM image (Fig. 3). Somewhat higher value (344 nm) of the
MSN-Br diameter was obtained from dynamic light scattering
(DLS) compared to that from FESEM, which is most likely due
to MSN-Br’s hydrodynamic nature.*®

Subsequent SC-ATRP of acrylonitrile (AN) in the presence of
a functional monomer, 4-vinylbenzyl chloride (VBC, 5, 10 and
15 mol%), from MSN-Br using CuCl/CuCl,/PMDETA led to the
synthesis of MSPN silica/polymer hybrids. FTIR spectrum of
a representative MSPN hybrid (Fig. 1a) showed bands at
1060 (Si-O-Si linkage), 1589 (-N-C=0 band of PAN),*" and
1415 (-C=N band of PAN),*! along with additional bands at
1474, 1512 and 1626 (stretching vibration of the phenyl ring),*>
827 (CH, of chloromethyl functionality),*® and 725 cm™*
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Fig. 2 (a) N, adsorption—desorption isotherm and (b) pore size distribu-
tion of porous MSN-Br, MSPN and NMCN nanomaterials.
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Fig. 3 FESEM images of porous MSN-Br, MSPN and NMCN nanomaterials.

(C-Cl stretching vibration). A representative MSPN hybrid (with
15% —-CH,Cl functionalization) revealed 66% polymer grafting
into the MSN, as revealed by TGA analysis (Fig. 1b).

XRD analysis of a representative MSPN-15% hybrid (Fig. 1c)
exhibited a diffraction peak at 26 = 2.58°, although with lower
intensity compared to that of MSN-Br. This suggests polymer
grafting of the mesopores of MSN-Br. The Sggr of MSPN
reduced to 94 m* g~ from that of the starting material, MSN-
Br (Sggr = 1210 m* g~ '), during which the total pore volume also
shrunk to 0.041 from 0.728 cc ¢~ (Fig. 2 and Table 1). Spherical
morphology of the MSN-Br template remained intact in MSPN-
15% even after polymer grafting, as revealed by FESEM
analysis.

To have a better idea of the surface grafting of the polymer, a
detailed kinetic investigation was carried out (see Experimental
section for more details, Table S1, ESIt), and the evolution of
%polymer grafting (from the TGA analysis) and molar masses/
dispersities with time (by SEC analysis) was monitored. The
%polymer grafting into the mesoporous channel of MSN-Br
increased steadily with time, reaching 66% after 24 h of
polymerization. The molar mass of the cleaved polymer (after
dissolution of the silica template) increased linearly with con-
version (Fig. 4b and Table S1, ESI{), sustaining low D values
(1.17-1.25) during polymerization (Fig. 4b), indicating a con-
trolled copolymerization.?>444°

Mesoporous carbon nanospheres (MCN) were obtained by a
two-step thermal treatment*”*® involving thermal stabilization
(under air) and carbonization (under N,) of the MSPN silica/
polymer hybrids, followed by removal of silica template. The
FTIR spectrum of NMCN (Fig. 1a) exhibits characteristic bands
at ~1626 (C—C stretching), ~2920 (CH, asymm stretch.) and
2847 cm™ ' (CH, symm stretch.), which originate from the
adsorbed gaseous AN monomer fragments produced during
pyrolysis.*® Notably, the absence of the Si-O-Si absorption band
in the IR spectrum of NMCN suggests complete dissolution of the

Table 1 Molecular characterization data of different mesoporous
nanoparticles

Dspm® Dy’ Spgr® Total pore  Pore
Entry Material (nm) (nm) (nm) volume® diameter”
E1 MSN-Br 200-280 344 1210  0.728 1.98
E2 MSPN 196-240 292 94 0.041 —
E3 NMCN 190-260 310 860 0.462 1.92

“ Diameter measured from FESEM. ” Hydrodynamic diameter mea-
sured from DLS. ¢ Analysed by N, adsorption/desorption study. ¢ Pores
were inaccessible to N, adsorbate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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silica framework. The XRD pattern (Fig. 1d) of NMCN showed
broad peaks at 260 of 25°, 44°, and 80° ascribed to the (002), (101),
and (100) reflections of a typical graphitic carbon-type structure.®>

The Sger of NMCN was estimated to be 860 m® g™, and the
average pore diameter of 1.92 nm and total pore volume of
0.462 cc g ' (Table 1) were estimated from the N, sorption
analysis. Notably, this high pore diameter and pore volume of
NMCN are key features for its potential application as adsor-
bent. The FESEM image of NMCN (Fig. 3) reveals it has retained
the spherical morphology of MSN-Br (Table 1). The formation
of spherical mesoporous NMCN, retaining the morphology of
the MSN, was mainly enabled by the presence of the intercon-
nected mesoporous network in the material and high polymer
grafting into the mesopores of MSN-Br via SC-ATRP.”° The
diameters of NMCN obtained from DLS are somewhat higher
than Dgggeym. This is probably due to their hydrodynamic nature
and aggregation in ethanol.

CO, is an anthropogenic greenhouse gas and is majorly
accountable for global warming.>>>"** The synthesized meso-
porous NMCN nanoparticles were employed as potential can-
didates for CO, capture. CO, adsorption performance at 25 °C
(Fig. 5) of the three porous NMCN nanoparticle samples bear-
ing 5, 10 and 15% functionalization exhibited acceptable CO,
adsorption capacities of 2.84, 3.76 and 4.93 mmol g~ ', respec-
tively. These results are comparable to the reported porous N-
rich carbon nanospheres, including copolymer-templated
nitrogen-enriched porous nanocarbon,*® N-doped acicular hol-
low porous carbon,> porous carbon derived from sugarcane®*
and porous carbon derived from sustainable biomass.>® Among

»

—=— NMCN-15%
4]+ NMCN-10%
—v—NMCN-5%

-1
CO, adsorbed (mmol g)

0 100 200 300 400 500 600 700 800
Absolute pressure (mmHg)
Fig. 5 CO; adsorption isotherms for NMCN samples at 25 °C.
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C102 with time; (c) fluorescence emission spectra of aqueous solution of
C102 and aqueous suspension of C102 encapsulated-NMCN (Excitation
wavelength: 390 nm); (d) fluorescent microscopy images of C102
encapsulated-NMCN.

the three samples, NMCN (15%) displays the highest CO,
adsorption, possibly due to higher pore volume.

The efficiency of NMCN for the removal of a representative
hydrophobic dye (Coumarin 102, C102) from water was
tested, and the encapsulation capacity was observed by UV-
Vis spectroscopy. The absorbance of C102 at 387 nm decreased
gradually with time (Fig. 6a), leading to ~82% dye exchange
after incubation for 24 h (Fig. 6b). The fluorescence emission
spectrum of NMCN (Fig. 6¢) with encapsulated C102 was of
lower intensity than that of neat C102; however, the peak
position remains same, suggesting successful dye encapsula-
tion. Furthermore, the fluorescence light microscopic image
(Fig. 6d) depicts green light-emitting beads of NMCN with
encapsulated C102, confirming successful encapsulation of
the dye inside the mesopores of NMCN.

Conclusions

In summary, this work demonstrates, for the very first time,
the development of a facile fabrication method for nitrogen-
rich mesoporous carbon nanomaterials (NMCN) with high
surface area and ordered pore geometry for efficient ambient-
temperature CO, capture and contaminant removal. Overall,
the CO, uptake performance of NMCN is comparable to or
better than the contemporary benchmark porous materials,
including carbons, zeolites, and metal organic frameworks.
This approach, with (i) greater sustainability, including
but not limited to carbon neutrality, and (ii) simpler and
cost-effective preparation routes, leading to the preparation
of nitrogen-rich mesoporous carbon nanomaterials with
improved properties for specific applications in CO, capture
and contaminant removal, introduces a new avenue for the
fabrication of unique advanced porous materials for a wide

Mater. Adv., 2022, 3, 665-671 | 669
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range of potential applications in adsorption, energy, catalysis,
and medicine.
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